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The development of collision-cascade anisotropies and the collision-sequence mechanisms in
single-crystalline Cu are studied employing the binary-collision lattice-simulation code COSIPO
and the distributions of the recoil vector fluxes. The vector fluxes are directly related to other
statistical distribution functions of recoils and to the angular distributions of sputtered particles.
Single-crystal Cu(100) is bombarded with normally incident 5-keV Ar ions. In addition to depth
resolution of the recoil vector fluxes, the evolution of anisotropies is studied as a function of
energy. The effect of various types of collision sequences on the fluxes may be treated separately.
The collision cascade is found to be highly anisotropic at different depths and energies of recoils,
and it is dominated by focusing along the (110) directions. The development of the collision
cascade is entirely governed by crystal structure. A diversity of mechanisms responsible for
creating the chains exists. The contributions of various collision chain mechanisms to recoil flux
distributions and observed spot patterns are discussed. Thermal vibrations shorten the collision
sequences and decrease the contribution of chains to the flux distributions, except in the case

of defocused chains. Their fraction increases when thermal vibrations are included.

I. INTRODUCTION

Collision cascades are fundamental to many ion-solid
interactions, such as radiation-induced defects, sputter-
ing, and mixing. Analytical collision cascade theories
usually make use of linearized transport equations of
the Boltzmann type.!'? It is usually assumed in these
linear-cascade models that the cascade is dilute and has
a large number of isotropically distributed low-energy
recoill atoms. One of the basic assumptions is that of
random target. The theory can be extended to cover
anisotropy effects.3~3 In its region of validity, the linear-
cascade theory has turned out to be highly successful
in predicting qualitatively and quantitatively the exper-
imentally measured sputtering data.

One of the basic limitations of the linear-cascade mod-
els is the omission of crystal structure. These theo-
ries neglect the fact that crystalline materials have a
well-ordered structure and that the distributions of en-
ergy and momentum among the atoms in a collision se-
quence are influenced by this structure. In crystalline
targets, correlated collision chains propagate effectively
along or parallel to atomic rows and planes. The basic
features of focused collision sequences were first proposed
by Silsbee.® He suggested that momentum can be focused
in some cases so that collision chains can be used to trans-
fer energy without mass. The transfer will continue either
until all the energy is dissipated or the sequence strikes
a discontinuity such as a surface. Nelson!® extended the
focusing sequence mechanism to the case of thermally
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vibrating atomic rows. Thompson has reviewed the ba-
sic physical mechanisms in sputtering and the analytical
calculations of monocrystalline sputtering.'!

Recently Hou and Eckstein have studied qualitative as-
pects of momentum distributions in collision cascades in
crystalline targets.!> Quantitative features, such as the
contributions of various collision sequences to these dis-
tributions and spot patterns, were not treated. No such
calculations have been performed so far for recoil flux
distributions. The fractions of different collision chain
mechanisms have been studied quite extensively in sev-
eral papers!3~16 but only in connection with sputtering.
Posselt!” has calculated the statistical distribution func-
tions in amorphous targets using TRIM code in a similar
way as in our previous papers.!®1® He investigated some
characteristic features of the energy and directional dis-
tributions and compared the results of simulations to the
analytical theory of Sigmund.?

In the previous paper?® (to be referred to as “I”
throughout this paper) in this series, emphasis was laid
on presenting the method of calculations of the collision-
cascade anisotropies in a single crystal and on the pe-
culiarities caused by the crystalline structure. Energy
transfer without mass transport in collision sequences
was clearly observed. In this paper we continue this
work and investigate different mechanisms during colli-
sion cascades more thoroughly and quantitatively than in
our previous papers.!3~ 2% The same computational tech-
niques are used that were described in I, except that the
treatment of simultaneous collisions has been improved.
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The main modification in the COSIPO code compared to
the previous paper is that it enables both energy and
depth resolution, whereas in I the method allowed only
depth resolution. In addition to this modification the
present version of COSIPO enables us to extract detailed
information about the contributions of various collision
chains to flux distributions and spot patterns. Discus-
sion on different mechanisms in connection with sputter-
ing will be continued in the final part III of the work.?!
The obvious aim of the series of these studies is to form
a background for future comparisons with analytical cal-
culations of monocrystalline sputtering and possible im-
provements in them. Before doing that we need a good
understanding of the basic mechanisms in cascades and
sputtering.

II. METHOD OF CALCULATION
A. The computational model

We have used the COSIPO code®® with the following
assumptions in the calculations.

(1) The procedure of binary and nearly simultaneous
collisions is described elsewhere.?9:23 The procedure was
modified slightly and the impact parameter bpax2 was
changed to 0.72a compared to those in paper I to better
take into account the interactions with the ring atoms
and the energy losses to the focusing rings around the
crystal axes.?3 Otherwise the same parameters were used
as in Ref. 23.

(2) The surface is represented by a planar barrier with
the sublimation energy as surface binding energy E,=3.5
eV.2* To account for realistic lengths of collision se-
quences an amount of E;,=0.2 eV 1s subtracted from the
kinetic energy of every atom leaving its lattice site.?’

(3) Inelastic energy losses are included using the Oen-
Robinson model.2é In the present paper electronic energy
loss is taken into account when calculating the collision
kinematics.??

(4) The collision cascades are sufficiently dilute and can
be regarded as linear. A target atom is displaced when
recoiling with a kinetic energy larger than a threshold
value E;. The recoils in the cascades are followed un-
til their energy falls below a threshold energy E.. The
threshold values E, and E4 were chosen to be equal to
the surface binding energy FE,.

(5) The interaction potential V(r) is assumed to be
a screened Coulomb potential with screening lengths
suggested by Robinson;?? the screening function is the
Moliére function. The screening lengths used are a=0.089
A for Ar-Cu collision and @=0.0739 A for Cu-Cu collision.

(6) Elastic scattering described by classical dynamics
is assumed.

(7) The effects of mass transport by the recoil fluxes?
are assumed to be negligible, and thus the density is con-
stant. The cascades take place in a perfect crystal.

(8) Energy transport due to electronic cascade effects
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is neglected.

(9) Thermal displacements are included by assuming
that they are uncorrelated and Gaussian distributed.
The target temperature is 300 K in the simulations. The
root-mean-square displacement (0.08 A) of the target
atoms is based on the Debye model.

The implications of these assumptions have been dis-
cussed elsewhere.??:23 A detailed parameter study was
performed in Ref. 23. The combination of the interaction
potential and the electronic energy loss used in paper I
gave a moderate agreement with experimental results. In
this paper these parameters have been changed to give a
better prediction of sputtering yields and angular distri-
butions as shown in Ref. 23. The relative contributions
of different peaks to the distribution of sputtered atoms
are sensitive to the various parameters and especially to
the interaction potential.?3 Therefore it is essential that
the most realistic parameters as possible are used to get
information about what really occurs in the Cu target
during 5-keV Ar bombardment.

The geometries employed in the simulations are the
same as in I (see Fig. 1). The 5-keV Ar projectile ions
are incident along the z direction and impinge in a ran-
dom position on the Cu(100) surface at normal incidence.
6 = 0° corresponds to the inward surface normal and
6 = 180° to the outward normal. The resulting cas-
cades from 5000 projectile ions are followed, and when
a recoil passes through a marker its direction and mo-
mentum vectors are logged. Since the collision chains
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Schematic illustration of the geometry used in the
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may be long, the cascade termination was not used as
in Ref. 18. The marker planes have no thickness and
are parallel to the surface. The locations of the marker
planes are indicated in the figure captions. The backup
of the projectile is omitted when it is checked whether
the recoil has passed a marker or not. After this check
the backup is taken into account in the trajectory of the
projectile. Thus, the asymptotical trajectories are calcu-
lated correctly. From the resulting angular distributions
of recoils crossing marker planes, the recoil vector flux
N™(8,¢,z,E) is calculated. Because this flux N is not
only contributed by the mass flow but also by the colli-
sion sequences transferring only energy, we call it mod-
ified recoil vector flux. Thus, if there is a collision se-
quence it is treated like a recoil with the same energy.
The hypothetical distribution of sputtered particles at a
depth z can be directly calculated from the modified re-
coil vector flux N/ as presented in paper I. One main
modification compared to paper I is the inclusion of en-
ergy resolution in the recoil flux distributions. The whole
energy range from the threshold energy E.=3.5 eV to
the primary energy Eo=5 keV is divided into intervals
(Eo/27t Ey/2™), n=0,1,2,...,10. When a recoil crosses
a marker, a check is made regarding the interval into
which its energy falls.

The cascades are also parametrized by a parameter
f(z), which is calculated from the recoil direction vectors
r(6,¢). It represents the normalized net flow of recoils
crossing a marker plane at depth z,

Jy—Jo

f(z)=J+T: (1)

where J; and J_ are the currents of recoils crossing the
plane in question in the direction of the incident ion and
towards the surface, respectively.!®

B. Modeling the collision chains

The present version of COSIPO records different types
of collision sequences and facilitates the extraction of de-
tailed information about the contributions of collision
chains propagating along definite atomic rows to vector
fluxes and sputtering. We have mainly concentrated on
chains that occur in the (100), (110), (111), and (112)
directions because these are the most important rows in
the case of fcc crystals. We have treated the following
types of collision sequences separately.

(1) Replacement chains. The projectile replaces the
next row atom on its lattice site if the projectile is left
with a kinetic energy less than E. and if it is closer to
the target site than to its own original lattice site.

(2) Focused chains. In a focused collision sequence the
knocked-out atom momentum is focused, which means
that each particle moves at a smaller angle with the row
than its predecessor. Assisted focusing,?® in which the fo-
cusing action comes from rings of atoms surrounding the
path of the sequence, is taken into account in the pro-
cedure and was not distinguished from Silsbee focusing,®
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in which the focused chains occur along atomic rows that
are isolated from their neighbors.

(3) Defocused chains. A defocused sequence is the op-
posite case to a focused one. The successive angles in-
crease and the chain defocuses.

(4) Directional collision chains. In identifying direc-
tional collision chains, only the momentum transfer along
an atomic row is taken into account, focusing being disre-
garded. Directional sequences can be focused, defocused,
or mixed focused-defocused chains. These sequences al-
ways end in a focused or defocused chain.

Each type of collision sequence is also characterized by
its length L. This parameter is defined in the following
way. When a collision sequence, such as a replacement
chain, is created the first atom in the sequence gets the
label i=0. This atom replaces the next row atom on its
lattice site and this atom is labeled i=1, which means
that the length of the replacement chain is L = ty,yuw
(tyvw 1s the unit translation along an axis [uvw]) at that
moment. If there is a marker plane between the first
and second row atom, the first atom passes through the
marker, but the replacement chain is not registered be-
cause at that moment it is not yet known whether the
first atom replaces the next atom or not; in other words
the replacement chain has not yet been created. Thus,
the first atom is exluded in the procedure. Shulga!® has
also used the same definition of collision sequences in con-
nection with sputtering. The second atom with label i=1
may or may not replace the next row atom. If there is a
marker between the second and the third row atom, the
second atom passes through the marker and the replace-
ment sequence is registered with length L = t,4,,. The
replacement sequence is followed until it ends. Those
events where the same projectile has traveled a longer
distance than t,,, and then replaces a row atom are not
considered as replacement chains. The other types of
collision sequences are recorded in an analogous way.

The program allows considerable flexibility in study-
ing the role of each collision chain mechanism. One can
omit certain type(s) of chains in the flux distributions
either by terminating the chain when it is generated or
simply leaving the chain out when it is found to cross
the marker. Alternatively, one may record only a cer-
tain type of chain when it crosses a marker. Accordingly,
we made several different calculations on which the dis-
cussion will be based: the whole cascade is calculated,
certain type(s) of chains are truncated, and the whole
cascade is calculated, but only certain type(s) of chains
are recorded when crossing a marker. In practice only
one type of chain was omitted or included, or all chains
were omitted or included.

III. GENERAL FEATURES
OF THE CASCADES

We first discuss some general features of a statistical
cascade. Figure 2(a) shows the depth distribution of Ar
ions and of both the nuclear and electronic energy losses
of Ar ions. The projected range of the 5-keV Ar ions
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in Cu(100) is R, ~100 A and the depth distribution of
the ions is peaked at about 20 A. Both of the distribu-
tions of energy losses have a maximum at the surface.
The exceptional behavior of the nuclear energy loss is
due to the structure of the target. The primary ion has
the greatest possibility of losing its energy to the two
first atomic layers; otherwise it has a large probability of
being channelled. The contribution of electronic losses
in total energy losses is a little over 10%, and it stays
practically constant as a function of depth. Figure 2(b)
presents the normalized currents J(z), J4+(z), and J_(z)
when the markers are situated at symmetrical positions
between two crystal planes. The currents are normal-
ized to the sum of J(z) over all marker depths z that
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FIG. 2. (a) Depth distribution for 5-keV Ar ions slowing
down in fcc Cu (%) and depth distributions of nuclear (<)
and electronic (o) energy loss of the primary ions. (b) Total
current J(z) of recoils (x), currents J4 (©) and J_ (e) in
the direction of the incoming ion and towards the surface. (c)
Parameter f(z) as a function of depth z. The markers are
situated symmetrically between two crystal planes.

3841

have been considered.!® The total current J(z) and the
depth distribution of the incoming ions have maxima at
equal depths. The distribution of total current J agrees
with that of created vacancies (not shown). Although
the damage is a consequence of the transfer of energy
from the primary ion to the target atoms, the damage
profile cannot be obtained directly from the calculation
of the nuclear energy loss of the incoming ion. This is
due to the fact that the energy transport by recoils is
never negligible especially near the surface and also due
to the fact that the recoils lose their energy to electrons.
From Fig. 2(b) it can be observed that the maximum
of J(z) is due to recoils moving in the forward direc-
tion, i.e., due to Jy. The J_ distribution is peaked at
a little over 10 A. The position of the maximum corre-
sponds to the depth where the parameter f(z) is close
to zero [see Fig. 2(c)]. Near the surface the recoils are
backward-directed [f(z) < 0]. This near-surface back-
ward directed recoil flux is associated with low-energy
recoils. Deeper in the target recoils have a forward direc-
tion [f(z) > 0]. This same behavior was also reported in
our earlier paper.!®

IV. DEPTH DEPENDENCE
OF THE COLLISION CASCADE

The evolution of the anisotropies of a statistical cas-
cade will be studied as a function of the depth of the
marker by using the modified recoil vector flux distribu-
tions N, which bear a resemblance to the distribution
of sputtered particles. In the following the markers are
always situated in the middle of the crystal planes as in
paper L. This selection of the marker position has already
been discussed in paper I. In addition to depth depen-
dence, the significance of various collision chain mecha-
nisms will be studied in connection with the spots ob-
served in the flux distributions.

The dependence of a statistical cascade as a function
of distance from the target surface is given in Fig. 3.
A Cu(100) surface is bombarded with 5-keV Ar ions at
normal incidence. The marker plane is situated at depths
2=0.9, 8.1, and 18.9 A. This selection of the marker po-
sitions is sufficient to show the most important features
of the evolution of the anisotropies. Figure 3(a) shows
the modified recoil vector flux distribution N™ in the
backward direction at depth z=0.9 A. In the figure only
the azimuthal angles 0° < ¢ < 90° are shown because
of the symmetry. The distribution is dominated by the
(110) peaks (8 = 135°, ¢ = 0°,90°). In addition to these
peaks, one can observe smaller (100) (# = 180°, ¢ is ar-
bitrary) and (111) (6 = 125°, ¢ = 45°) peaks. The faint
band between the (110) peaks is mainly due to replace-
ment and defocused chains. In the backward direction
the N/ distribution is dominated by these peaks still at
depths of the order of 200 A, and the distribution stays
practically similar to that in Fig. 3(a).

Figures 3(b)-3(d) present the N/™ distribution in the
forward direction at depths z=0.9, 8.1, and 18.9 A. The
distribution in the forward direction in Fig. 3(b) is dom-
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inated by a band with 45° < 6§ < 65°. These recoils
have mostly low energies (E <20 eV), which means that
they cannot be primary knock-on atoms (PKA). Scatter-
ing kinematics limit low-energy primary recoils (£ <20
eV) to the angular range # > 85°. Thus, the recoils
in the band in Fig. 3(b) are due to more complicated
collision mechanisms. The mechanisms leading to this
band will be discussed in connection with Fig. 4. In ad-
dition to the band in Fig. 3(b) there is a small peak at
0 =~ 60°, ¢ = 45°. The origin of this peak will be studied
in connection with Fig. 4(c). One can observe a step at
6 ~ 110° in Fig. 3(a) and 6 = 70° in Figs. 3(b)-3(d).
This is due to scattering kinematics, and the exact value
of the polar angle § depends on the position of the marker
with respect to the crystal plane below the marker. An
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approximate value for 6 can be calculated by insisting
that the deflection point (without backup) of the tra-
jectory of a recoil lies on the marker. The recoils have
originated from an atomic plane just below or above the
marker plane. In our case a simple trigonometrical cal-
culation gives 67.5° for 6, which corresponds well to the
position of the step in Fig. 3. At higher polar angles it
is mainly channelled recoils that cross the marker.
When the depth of the marker increases, the band is
the dominating structure up to z ~6.3 A in the N™ dis-
tribution in the forward direction, i.e., until the (110)
peaks start to develop. In Fig. 3(c) (¢=8.1 A) these
peaks are pronounced as well as in Fig. 3(d) (2=18.9 A).
In addition to these peaks there are also (100) (8 = 0°)
and small (111) (6 = 55°) peaks. Calculations show that
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Modified recoil vector flux distributions N;*(8, ¢, z). The markers are situated symmetrically between two atomic

planes at depths z=0.9 A (a) and (b), 8.1 A (c), and 18.9 A (d). The distribution is for backward-directed recoils in (a) and

for forward-directed recoils in (b)-(d).
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FIG. 4. Modified recoil vector flux distributions N/*(§, ¢, E') as a function of energy. The marker is at the depth z=0.9 A.
The energy intervals of the recoils are 0.31 keV < E <0.63 keV (a) and (d), 19 eV < F <39 eV (b) and (e), 3.5 eV < E <5 eV
(c) and (f). The recoils are forward directed in (a)-(c) and backward directed in (d)-(f).
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the modified recoil flux is dominated by the (110) peaks
in both directions at symmetrical marker positions even
when the depth of the marker is of the order of twice the
projected range of the incoming ion (R, ~100 A).

V. ENERGY DEPENDENCE
OF THE CASCADE

Figure 4 shows the N distributions and the devel-
opment of collision cascade anisotropies as a function of
energy when the marker is at the depth z=0.9 A and the
energy is less than 0.63 keV. In Figs. 4(a)-4(c) the recoils
are forwardly directed and in Figs. 4(d)-4(f) backward
directed, respectively. The recoils with energies over 0.63
keV are mainly PKA’s with a definite energy. There-
fore the N distributions with intervals of higher energy
(not shown) are formed by a band: a definite polar an-
gular region with the azimuthal angle being random. In
Fig. 4(a) (0.31 keV< E <0.63 keV) the peaks (8 = 80°,
¢ = 15°,75°) are due to several collision mechanisms.
If the impact parameter is not too small, the recoil en-
ergy is low and the recoil is directed to an angle near
90°. In most cases the impact point of the ion is close
to (100) rows and the recoil in the surface is directed
approximately in the (100) direction. After one or sev-
eral collisions it passes through the marker. If the ion
impact is close to the (110) row, the recoil may collide
with the next (110) row atom before crossing the marker.
This is why the angular region near ¢ = 45° is missing
from the band. In Fig. 4(b) (19 eV< E <39 eV) the
recoils are moving almost in the direction of the marker.
Some of them are PKA’s (6 > 85°), while others are due
to more complicated collision mechanisms. These mech-
anisms are mainly (100) and (110) collision sequences
propagating originally along the surface. When the en-
ergy dissipates further, the distributions have a band
with 45° < 6 < 65°.

The recoils belonging to the band in Fig. 4(c) (3.5
eV< E <5 eV) and the recoils with somewhat higher
energies (b eV< E <20 eV) and with polar angles in the
range 45° < 0 < 65° dominate the N distribution in
Fig. 3(b). We can divide the mechanisms leading to the
band roughly into two groups. The point of impact of
the incoming ion is close to the (100) or (110) rows and
the target atom in the surface is directed in either one
of these directions. After one or several collisions the
momentum is directed into the crystal. The second colli-
sion mechanism is more complicated because it is based
on momentum reversal, which occurs at the second atom
layer or deeper in the target. A collision chain is initi-
ated towards the surface. At the surface the momentum
is again directed into the target. These mechanisms are
basically the same as those studied in Ref. 30 in connec-
tion with sputtering. The peak in Fig. 4(c) at § =~ 60°
and ¢ = 45° is mainly due to (110) collision sequences
originally propagating along the surface. At some stage
the momentum is turned into the crystal. The same peak
was also observed in Fig. 3(b).
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In the backward direction the N[ distributions are
more or less structureless when the recoil energy is hun-
dreds of eV [Fig. 4(d), 0.31 keV< E <0.63 keV]. Def-
iaite conclusions about collision mechanisms cannot be
made because statistics are quite poor at these energies.
The (100) and (111) peaks emerge at the energy inter-
val 0.16 keV< E <0.31 keV. The (110) peaks start to
develop at lower energies and they can be observed in
Fig. 4(e) (19 eV< E <39 eV). The (110) spots become
more pronounced when the energy gets smaller [Fig. 4(f),
3.5eV< E <5 eV].

VI. COLLISION SEQUENCE MECHANISMS

A. Generation of the first recoil
in a collision sequence

At low bombarding ion energies ( <100 eV) it is pos-
sible to explain spot patterns of sputtered particles in
terms of simple collision mechanisms. When higher bom-
barding energies ( 21 keV) are used it becomes more
difficult to define individual processes. At low energies
the ion penetrates a couple of monolayers and the mech-
anisms are tractable. When the energy is higher, the
ion penetrates several monolayers and long collision se-
quences are possible. In this section the purpose is to
discuss some qualitative aspects of the creation of colli-
sion sequences. No definite mechanisms leading to a cer-
tain type of collision chain are given here. The diversity
of processes becomes evident when Fig. 5 is studied. It
shows the fractions of different generations g of the first
recoil in a replacement [Fig. 5(a)], focused [Fig. 5(b)],
defocused [Fig. 5(c)], and directional [Fig. 5(d)] collision
chain. If one collision mechanism were dominating when
a sequence is initiated, the distribution would be strongly
peaked at a definite generation. The marker is at a depth
2=0.9 A, and the recoils are moving in the backward di-
rection. The generations g > 11 are omitted in the cal-
culations. The total number of chains (with generations
¢g=1-10) in a certain direction in all the figures is taken
to be 100%.

The generation of the first recoil in a chain is mostly
2—-4 irrespective of the direction and type of the sequence.
This situation also prevails at other marker depths. As
explained in Sec. IT B, this first recoil initiating a sequence
1s not registered as a member of a chain when crossing
a marker. The generation of the first recoil is quite in-
dependent of the length and type of the sequence. The
fractions of higher generations (g > 5) decrease quite
rapidly except in the cases of the (110) focused and defo-
cused chains [Figs. 5(b)-5(c)]. The contribution of gen-
eration g=10 is about 4% in these cases. The lengths of
the (110) focused and defocused chains with generations
g > 5 of the first recoil are mostly 1-2¢;;0 in Fig. 5(b)
and t130 in Fig. 5(c). This shows clearly the diversity
of processes leading to the (110) focused or defocused
chains, i.e., usually the number of collisions needed to
initiate a sequence is quite small, but the chain can also
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be created after several collisions. The generation g=10
makes a notable contribution, too. The high fraction of
generations g > 5 is due to transitions from defocused to
focused sequence and vice versa. In Figs. 5(c) and 5(d)
the high contributions of generations g=1 in the case of
the (100) direction is noteworthy. Deeper in the tar-
get this behavior is not observed. This is partly due to
the fact that the generation g=1 is mainly connected to
length L = t,44, and deeper in the target the contribu-
tion of length L = t,,, decreases relatively more than for
other lengths. On the other hand, deeper in the target
other collision mechanisms leading to the (100) defocused
or directional chains (with higher generations of the first
recoil) become more dominant. The distributions for the
(111) direction are more peaked, and the contributions of
generations g > 5 are lower than in other directions. This
can be attributed to the fact that the recoils in the (111)
direction are more energetic than the recoils in other di-
rections and the (111) chains cannot be created at low
energies after several collisions. At other marker depths
in the backward direction generations 2—4 are also dom-
inating and the distributions are qualitatively similar to
those in Fig. 5. There are some minor exceptions, e.g.,
in Figs. 5(c)-5(d) the (100) chains.

In the forward direction and near the surface (z < 10
A) the generation of the first recoil is mostly 1-3, i.e., the
number of collisions needed to initiate a sequence is some-
what smaller than in the backward direction. Deeper in
the target (z 2 10 A) the distributions of generations are
qualitatively quite similar to the corresponding ones in
the backward direction, and they usually have a maxi-
mum at equal generations in both directions.

B. Contribution of collision sequences
to the flux distributions

The contribution of different collision sequences to the
modified recoil vector flux is shown in Fig. 6 as a func-
tion of length of the chain at the marker depth 2=0.9
A in the backward direction. The length L = 15ty4uw
contains all chains of length L > 15t,4,. The scale of
the vertical axis (expressed as a percentage) is obtained
by dividing the number of the collision chains by the
number of recoils crossing the marker in the upward di-
rection. The corresponding distributions in the forward
direction are not shown because of large statistical fluc-
tuations due to the rare occurrence of collision sequences
near the surface. Deeper in the target the distributions
are qualitatively quite similar to those in Fig. 6. Near
the surface (z < 10 A) the collision sequences are clearly
shorter and the contribution of long-range chains lower
in the forward direction than in the backward direction.
At depths z = 15 A the differences in the mean lengths
have diminished markedly. However, at depths z 2 15
A the contributions of different chains to the vector flux
are higher in the forward direction than in the backward
direction. This is accounted for by the fact that the cas-
cade is forward directed at depths z = 15 A.

Replacement sequences [see Fig. 6(a)] propagate most
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FIG. 6. Contribution of different collision sequences to the

modified recoil vector flux in the backward direction. The
marker is situated at the depth z=0.9 A. Replacement se-
quences are presented in (a), focused in (b), and defocused in
(c). The contribution of directional chains is shown in (d).
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frequently along the (110) rows, though long-range chains
(L > 3tyyw) along these rows also have a notable role.
The (111) replacement chains make the smallest contri-
bution. The replacement sequences are mainly of the
short-range type except the (110) chains (see Table I).
This behavior is to be expected because the (110) direc-
tion has the closest packing and the least energy loss to
focusing rings, while for the (111) direction the situation
is exactly the opposite. This also holds for other types
of collision chains. In addition to this, the least energy
needed to overcome the midpoint between two lattice
sites of a row [called replacement energy E, (Ref. 31)] is
lowest for the (110) direction, while highest for the (111)
direction. The fractions of the replacement sequences of
all lengths in the backward direction are shown in Table
II. When the (112) chains are included, the total contri-
bution of replacement sequences to the flux is 27% in the
backward direction at the marker depth z=0.9 A. The
contribution of replacement sequences can also be stud-
ied by truncating them in the cascades in a similar way
as in Ref. 12. In this type of calculation, replacement
sequences are truncated, which means that when a re-
coil is going to replace the next row atom on its lattice
site the program does not include this collision, ignores
the recoil, and begins to follow a completely different
recoil. The contributions of replacement sequences are
obtained by subtracting the flux distributions from the
distributions calculated in the normal way and by di-
viding the differences by the normal distributions. The
flux distributions remain, however, strongly anisotropic
even though the (110) peaks have become smaller. The
fraction of replacement sequences in the flux distribu-
tions in the backward direction calculated by terminating
them becomes too high (55%) compared to normal cal-
culations. The truncation of replacement sequences does
not give correct contributions because the whole cascade
1s not calculated. It gives, however, some indications of
anisotropies in collision cascades.

When Figs. 6(a) and 6(b) are compared to each other,
one can observe that the role of the focused sequences
is more pronounced than that of the replacement chains,
but the focused sequences are clearly of a shorter-range
type than the replacement ones. The (110) focused se-
quences are the most dominant and the (111) chains
make the least contribution, as is the situation with
other types of collision sequences. The mean lengths
of the (100) and the (111) focused chains are only a
little smaller than the corresponding lengths of the re-
placement sequences, though the (110) focused chains are
much shorter than the (110) replacement ones (see Table
I). The fractions of focused sequences of all lengths in the
modified vector flux in the backward direction are shown
in Table II.

The defocused chains [Fig. 6(c)] play a somewhat more
important role than the focused chains. The defocused
sequences are distinctly of the short-range type and have
somewhat smaller mean lengths than the focused ones
except in the case of the (111) direction (see Table I).
The differences between the mean lengths of the focused



COMPUTER SIMULATIONS ON COLLISION-SEQUENCE . . .

TABLE I. The mean lengths of the (100), (110), and (111) collision sequences. The unit is
tuvw (the unit translation along an axis [uvw]). The marker is at the depth z=0.9 A. Recoils move
in the backward direction. The statistical uncertainty is less than 0.05 ¢,,,. The unit translation
along the axes are #100=3.61 A, t110=2.55 A, and t111=6.25 A.
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Chain Replacement Focused Defocused Directional
(100) 1.66 1.31 1.23 1.51
(110) 3.93 1.65 1.36 413
(111) 1.12 1.08 1.15 1.34

or defocused sequences in different directions are not so
pronounced as in the case of the replacement chains.
In the case of focused chains this is due to thermal vi-
brations that attenuate them efficiently. The effect of
thermal vibrations will be discussed later. Defocused se-
quences are mainly of the short-range type irrespective
of temperature. When the contributions of defocused
chains of all lengths to the modified vector flux in the
backward direction are compared to the corresponding
numbers of the focused sequences, one observes that in
the (110) direction the focused sequences are somewhat
more dominant than the defocused ones (see Table II).
The situation is contrary to the (100) and the (111) di-
rections. This shows that focusing along (110} directions
is very efficient. The fraction of the defocused chains
in the modified vector flux in the backward direction is
somewhat higher than that of the focused chains. This
is accounted for by thermal vibrations, which hamper a
focused transfer of momentum efficiently. When ther-
mal vibrations are omitted, the focused sequences make
a higher contribution to the modified vector flux than the
defocused ones.

The directional collision sequences [Fig. 6(d)] can be
focused, defocused, or mixed. This means that Fiyyy)
+Cluvw) = Di(uvw) for a certain marker if the contri-
butions from the collision sequences of all lengths are
summed up. F stands for focused, C for defocused,
and D for directional sequence, respectively. This is ac-
counted for by the fact that each directional collision
sequence always ends in a focused or defocused chain.
However, this equality is violated for chains of a definite
length, since focused, defocused, and directional chains
are distributed over their lengths differently. This can
be observed when Figs. 6(b)-6(d) are compared to each
other. The (110) and (111) directional chains are some-
what longer than the corresponding replacement ones,
though the (100) directional sequences are shorter than

the (100) replacement ones (see Table I). The fractions
of directional chains of all lengths in the modified recoil
flux in the backward direction can be obtained by sum-
ming the corresponding contributions of the focused and
defocused chains (see Table II).

When the marker is at the depth z=15.3 A the contri-
butions of collision sequences are qualitatively quite simi-
lar to the corresponding ones for when the marker is near
the surface [Figs. 6(a)-6(d)]. Tables III and IV present
the mean lengths and the fractions of the (100), (110),
and (111) collision sequences directed in the backward di-
rection. The replacement and directional collision chains
are of a longer-range type than the focused and defocused
ones. The differences between the mean lengths at vari-
ous marker positions are usually quite small in the back-
ward direction except in the case of the (110) replacement
and directional chains. The changes in the mean lengths
are not wholly systematic. One would expect that the
mean lengths are higher near the surface than deeper in
the target in the case of the backward direction. This
is the situation in most cases, but there are some excep-
tions. In the forward direction the mean lengths usu-
ally increase as a function of depth. The chains do not,
however, necessarily terminate when passing through a
marker. At the depth 2=15.3 A the mean lengths in the
forward direction are only a little smaller than in the
backward direction except in the cases of (110) replace-
ment and directional collision sequences for which the
differences are pronounced. This is quite natural, since
the collision chains are mostly of the short-range type
(except the (110) replacement and directional ones) and
are almost fully developed in both directions, whereas
the (110) replacement and directional sequences are of
the longer-range type and are not fully developed in ei-
ther direction. The contributions of the (100), (110) and
(111) collision sequences (in the backward direction) to
the modified recoil flux at the depth z=15.3 A are some-

TABLE II. The contributions of (100}, (110}, and (111} collision sequences of all lengths to the
modified recoil vector flux in the backward direction. The marker is at the depth z=0.9 A. The
total contains all chains of the certain type. The statistical uncertainty is less than 5%.

Chain Replacement (%) Focused (%) Defocused (%) Directional (%)
(100) 6.5 4 7 12
(110) 16 25 20 45
(111) 2 1 3 4
Total 27 31 38 69
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TABLE IIIL
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The mean lengths of the (100), (110), and (111) collision sequences. The unit is

tuvw (the unit translation along an axis [wvw]). The marker is at the depth z=15.3 A. Recoils move
in the backward direction. The statistical uncertainty is less than 0.04 ¢, .

Chain Replacement Focused Defocused Directional
(100) 1.55 1.27 1.24 1.44
(110) 3.35 1.59 1.36 3.51
(111) 1.14 1.06 1.09 1.25

what lower than at the depth z=0.9 A. In the forward
direction and at the depth z=15.3 A the fractions of the
chains as a function of length (not shown) are quite sim-
ilar to those in the backward direction. Note that at this
depth the parameter f(z) is close to zero [see Fig. 2(c)].

C. Contribution of chains to the {(100), (110),
and (111) peaks at different depths

The effect of different collision chain mechanisms on
the (100) and (110) peaks is shown in Fig. 7 for various
marker positions. The (110) spot is limited by angles
6 = 32.5°-57.5° (f = 122.5°-147.5°) and ¢ = —12.5°-
12.5° in the forward (backward) direction and the (100)
peak by angles 6 = 0°-12.5° (f = 167.5°-180°) in the
forward (backward) direction, correspondingly. The frac-
tions (in percentages) of various collision chains in the
(100) and (110) peaks have been calculated by dividing
the number of the corresponding sequence by the num-
ber of all recoils in the peak. It must be pointed out that
the distributions in Figs. 6 and 7 have a different mean-
ing. Figure 6 presents the contribution of various colli-
sion sequences to the modified vector flux, whereas Fig. 7
shows the contribution to the (100) and (110) peaks. Fig-
ures 7(a)-7(d) show the contributions of replacement, fo-
cused, directional, and all collision sequences to the (110)
peaks and 7(e)-7(h) to the (100) peaks, respectively. In
the forward direction the fractions are presented begin-
ning from the depth z=4.5 A because of large statistical
fluctuations nearer the surface. In the backward direction
the contribution of various collision-chain mechanisms to
the (110) and (100) peaks either decreases only slightly
as a function of depth or stays almost constant. The
development of the cascade can be observed in the for-
ward direction as the role of the collision chains becomes
more important when the distance of the marker plane
from the surface increases. In the case of the (110) peaks
the contribution of replacement [Fig. 7(a)] and focused
[Fig. 7(b)] sequences is the most significant in both di-

rections. Defocused chains (not shown) make a smaller
contribution to the (110) peaks. When Figs. 7(a)-7(d)
are compared to each other one can observe that at the
marker depths z=11.7 and 15.3 A the fractions of colli-
sion sequences in both directions are almost similar. This
is the depth where the parameter f(z) is close to zero,
which means that the numbers of recoils going upwards
and downwards are almost equal [see Fig. 2(c)]. Deeper
in the target the contributions of distinct sequences are
practically equal in both directions and a slight increase
in them in the forward direction can be noticed as a func-
tion of depth.

The depth dependence of the contribution of the colli-
sion sequences to the (100) peak is analogous to the case
of the (110) peaks. From Fig. 7 it can be seen that the
role of different collision sequences to the (100) peak is
somewhat less significant than to the (110) peaks. In
addition to this, the increase in the fraction of different
chains in the (100) peak occurs deeper in the target than
in the case of the (110) peaks and it has not been levelled
down in the forward direction in the case of the (100)
peaks. This shows very clearly that the (110) chains are
more stable than the (100) ones. Deeper in the target
(z ~ 18 A) the contributions of the chains are practi-
cally equal in both directions. Replacement and defo-
cused chains play the most important role in the case of
the (100) peak. Overall, we may conclude that the linear
collision sequences are the principal mechanism behind
the (100) and the (110) peaks. The contribution of all
collision chains to the (110) peaks is 91% and to the (100)
peak 67% on average in the backward direction (see Table
V).

In the case of the (111) peak the fractions of replace-
ment, focused, and all chains in the (111) peaks are on
average 15, 10, and 50 % in the backward direction. Thus
the role of the collision sequences to the (111) peak is
not so pronounced as in the case of the (100) and the
(110) peaks. The part in these peaks that is not due
to collision sequences can be attributed to low-energy

~

TABLE IV. The contributions of (100), (110), and (111) collision sequences of all lengths to
the modified recoil vector flux in the backward direction. The marker is at the depth z=15.3 A.
The total contains all chains of the certain type. The statistical uncertainty is less than 5%.

Chain Replacement (%) Focused (%) Defocused (%) Directional (%)
(100) 5 3 6 9
(110) 15 23 20 43
(111) 2 1 2 3
Total 25 29 36 65
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TABLE V. The average contributions of the (100), (110},
and (111) collision sequences of all lengths to the (100) and
(110} peaks in the modified recoil flux in the backward direc-
tion.

Direction {100) peak (%) (110) peak (%)
(100) 14 2
(110) 6 82
(111) 1 1

All 67 91

channeling and “random” background in these low-index
directions. When all the collision sequences are omit-
ted in the flux distributions, although the whole cascade
is calculated, the (110) peaks disappear and the distri-
butions are dominated by the (100) and (111) peaks in
both directions. Some calculations were made to resolve
the contribution of channeling. A recoil is regarded as
channelled if it has traveled a longer distance than t,,y
along the direction [uvw]. In the case of the (100) peak
the fraction of channeling is about 13% on average in
the backward direction. In the (111) peak the contribu-
tion is about 20%. The modeling of channeling is not
straightforward and the values given may be questioned.
The total contribution (including both directions) of
the replacement, focused and of all collision chains to the
modified recoil flux at the markers is 23, 26, and 64 %.
The collision chains also contribute to directions other
than the low-index (100), (110), and (111) directions.
Moreover, the momentum jump from one atomic row
to another is possible and was already indicated by the
early molecular dynamics calculation.®? Table V presents
the average contributions of (100}, (110), and (111) se-
quences to the (100) and (110) peaks in the backward
direction. The fraction of the (110) chains in the (100)
and (110) peaks is higher than that of the (100) sequences
in the (100) and (110) peaks. This is explained, among
other things, by the fact that four (110) axes, but only a
single (100) axis, intersect the (100) plane that is paral-
lel to the surface. The contribution of (111) sequences is,
however, small compared to the (100) and (110) peaks.

D. Effect of thermal vibrations
on the collision cascades and sequences

The effect of thermal vibrations on collision cascades
and anisotropies is studied by repeating some of the cal-
culations in the case of a static lattice. The projected
range of Ar ions increases by a factor of 2 when thermal
vibrations are neglected. This is due to the channelled
ions for which penetration depth increases significantly.
The depth distribution of the ions has a maximum at
the depth z ~ 20 A as in the case of thermal vibra-
tions, though the distribution has a more persistent tail
than in Fig. 2(a). Thermal vibrations have practically
no effect on the energy-loss curve. The tail of the cur-
rent J is more persistent than in Fig. 2(b). The max-
imum of J is at an equal depth to that in the case of
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thermal vibrations. Figure 8 shows the contributions of
different generations of the first recoil in a replacement
[Fig. 8(a)] and focused [Fig. 8(b)] chain. Thermal vibra-
tions are omitted, whereas the other model parameters
are equal to those in Fig. 5. The distributions in Fig.
8(a) are quite similar to those in Fig. 5(a). In the case
of focused chains, the curve corresponding to the (110)
direction is more peaked than in Fig. 5(b). Moreover, the
tail in the distribution of the (110) direction in Fig. 5(b)
has practically disappeared. This is explained, among
other things, by the fact that when thermal vibrations
are included, such collision sequences are feasible, where
the first collisions are focused and subsequent ones de-
focused. These defocused collisions can again change to
focused ones. This kind of complicated mechanism leads
to the tail in Fig. 5(b). When thermal vibrations are
omitted, the transition from focused to defocused colli-
sions is improbable and thus the generation of the first
recoil is quite small (g ~2-4).

The chains get longer when thermal vibrations are
omitted. In the case of (110) focused sequences in the
backward direction and at the depth z=0.9 A, the mean
length has increased by a factor of about 3. For the (100)
and (111) <hains the changes in the mean lengths are not
so pronounced as for the (110) ones. The omission of
thermal vibrations markedly increases the contributions
of (110) focused and replacement sequences with lengths
L >15 tyuw, €.&., in the case of the latter ones by a fac-
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FIG. 8. Generation of the first recoil in a replacement (a)

and focused (b) chain. The marker is at the depth 2=0.9
A and recoils move in the backward direction. The target
temperature is 0 K.



tor of over 4. The total fraction of all focused chains in-
creases almost 30% in the backward direction and at the
depth 2=0.9 A when the temperature is 0 K. For other
types of chains the changes are about 10%. The total
contribution of focused sequences is higher than that of
defocused ones when thermal vibrations are omitted. At
the temperature 300 K the situation was the opposite.

Thermal vibrations have a pronounced role when the
contribution of focused sequences to the (110) peaks is
studied. The fraction in this case (without thermal vibra-
tions) is 75% on average in the backward direction, i.e.,
it is about 40% higher than at the temperature 300 K. In
other cases the effect of thermal vibrations is markedly
smaller, the differences in the contributions at two tem-
peratures being about 10%. The distributions of different
contributions to the (100) and (110) peaks are qualita-
tively similar to those in Fig. 7 and therefore are not
presented. The large decrease in the contribution of fo-
cused sequences to the (110) peaks when thermal vibra-
tions are included is accounted for by the fact that they
hamper a focused transfer of momentum along the (110)
rows. This all indicates that thermal vibrations must be
included in realistic model calculations.

VII. CONCLUSIONS

The distributions of the recoil vector fluxes have been
studied in order to investigate the evolution of the col-
lision cascade anisotropies. The parameters that well
reproduce the experimental sputtering data have been
used. This paper clearly shows that collision cascades
in Cu(100) bombarded by 5-keV Ar ions are strongly
anisotropic. The development of the collision cascade is
entirely governed by the crystal structure. The cascades
are backward directed near the surface and they become
gradually forward directed deeper in the target. The
modified recoil vector flux distributions N are domi-
nated by the (110) peaks in the backward direction. In
addition to these peaks, there are smaller (100) and (111)
peaks. In the backward direction the depth dependence
of the N[* distributions is insignificant. In the forward
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direction the (110) peaks start to develop near the surface
(z ~6.3 A) and become more pronounced deeper in the
target. In addition to this, there are also smaller (100)
and (111) peaks. The N distributions are dominated
by the (110) peaks in both directions even at a depth
of the order of twice the projected range of the incoming
ions. The energy resolution of the N distribution shows
that the (110) peaks develop at lower and the (100) and
(111) peaks at higher energies.

The linear collision sequences are the principal mech-
anism behind the (100) and (110) peaks. The replace-
ment and focused chains make the most prominent con-
tribution to the (110) peaks, while in the case of the
(100) peak the fractions of the replacement and defo-
cused chains are highest. The role of the collision se-
quences to the (111) peak is not so pronounced as to the
(100) and (110) peaks. All collision chains also make a
major contribution to the N/™ distributions. Defocused
and focused sequences are the principal mechanism for
the N™ distributions. The fraction of the replacement
chains is somewhat smaller. Collision sequences prop-
agate most frequently along the (110) rows, the (111)
chains making the lowest contribution. The collision se-
quences are mainly of the short-range type, except the
(110) replacement and directional ones. The number of
collisions needed to initiate a collision chain is usually
quite small, though in the case of (110) focused and defo-
cused sequences a diversity of mechanisms exists because
such a chain can also be created after several collisions.

Thermal vibrations have an appreciable effect on the
collision sequences and should be included in realistic
model calculations. The lengths of the chains are higher
in the case of a static lattice than when the thermal vibra-
tions are included. Defocused sequences, however, are an
exception. The thermal vibrations effectively hamper a
focused transfer of momentum along an atomic row and
result in attenuation of focused chains. The contribu-
tions of replacement and directional collision sequences
also decrease in the case of nonzero temperature. Only
the fraction of defocused chains is increased.
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FIG.1. Schematic illustration of the geometry used in the
simulations.



